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SPECIFICATION 

NONAQUEOUS ELECTROLYTE SECONDARY BATTERY 

5 TECHNICAL FIELD 

[0001] The present invention relates to a nonaqueous 
electrolyte secondary battery such as a lithium secondary 
battery. 
BACKGROUND ART 

10 [0002] In recent years, nonaqueous electrolyte secondary 

batteries using an alloy capable of storing and releasing lithium, 
metallic lithium or a carbon material as the negative active 
material and a lithium transit ion metal complex oxide represented 
by the chemical formula: LiM02 (M indicates a transition metal) 

15 as the positive active material have been noted as 
high-energy-density batteries . 

[0003] A representing example of the lithium transition metal 
complex oxide is a lithium cobalt complex oxide (LiCo02) , which 
has been already put to practical use as the positive active 

20 material for nonaqueous electrolyte secondary batteries . 

[0004] For nonaqueous electrolyte secondary batteries using 
a lithium transition metal complex oxide, such as lithium 
cobaltate, as the positive active material and a carbon material 
or the like as the negative active material, an end-of -charge 

25 voltage is generally prescribed at 4 . 1 - 4.2 V. In this case. 
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the active material of the positive electrode utilizes only 50 
- 60 % of its theoretical capacity. Accordingly, if the 
end-of -charge voltage is increased to a higher level, a capacity 
(utilization factor) of the positive electrode may be improved 
5 so that the battery capacity and energy density are increased. 
[0005] However , the higher end-of - charge voltage renders LiCoOa 
more prone to experience structural degradation and increases 
a tendency of an electrolyte solution to decompose on a surface 
of the positive electrode. As a result, the battery in this 

10 case experiences marked deterioration with charge -discharge 
cycles , compared to the conventional case where the end-of -charge 
voltage is set at 4.1 - 4.2 V, which has been a problem. 
[0006] Among the lithium transition metal complex oxides 
represented by LiM02 (M indicates a transition metal) , those 

15 containing Mn and Ni as a transition metal, as well as materials 
containing all of the three transition metal elements Mn, Ni 
and Co, have been extensively studied (for example. Patent 
Literatures 1 and 2 and Non- Patent literature 1) . 
[0007] Among those lithium transition metal complex oxides 

20 containing Mn, Ni and Co, a compound having the same composition 
of Mn and Ni is reported as showing a uniquely high thermal 
stability even in a charged state (high oxidation state) (for 
example, Non- Patent Literature 2) . It is also reported that 
the complex oxide having substantially the same composition of 

25 Ni and Mn has a voltage of approximately 4 V, as comparable to 
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that of LiCo02/ and exhibits a high capacity and a superior 
charge/discharge efficiency (Patent Literature 3) . 
[0008] Batteries using such a lithium transition metal complex 
oxide containing Mn, Ni and Co and having a layered structure 
5 as the positive active material, because of their high thermal 
stability at charged state, can be expected to achieve a marked 
reliability improvement even when the end-of -charge voltage is 
elevated to thereby increase the depth of charge at the positive 
electrode . 

10 [0009] However, after the study on the battery using the lithium 
transition metal complex oxide containing Mn, Ni and Co as the 
positive active material, the inventors of this application have 
found that the higher end-of -charge voltage renders the positive 
active material more prone to experience structural degradation 

15 and increases the occurrence of decomposition of an electrolyte 
solution on a surface of the positive electrode and, as a result, 
the battery in this case shows marlced capacity decline with 
charge -discharge cycles , compared to the conventional case where 
the end-of -charge voltage is set at 4.1 - 4.2 V. 

20 Patent Literature 1: Patent Registration No. 2,561,556 
Patent Literature 2: Patent Registration No. 3,244,314 
Patent Literature 3: Patent Laying-Open No. 2002-42,813 
Non-Patent Literature 1: Journal of Power Sources, 90(2000), 
176-181 

25 Non-Patent Literature 2: Electrochemical and Solid-State 
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Letters, 4(12), A200-A203 (2001) 

Non- Patent Literature 3 : 42^^Battery Symposium in Japan, Lecture 
Summary, pp 50-51 
DISCLOSURE OF THE INVENTION 
5 [0010] It is an object of the present invention to provide a 
nonaqueous electrolyte secondary battery which can increase an 
end-of -charge voltage to 4 . 3 V or above without deterioration 
of charge -discharge cycle characteristics and thermal stability 
to thereby increase a charge -discharge capacity. 

10 [0011] The nonaqueous electrolyte secondary battery of the 
present invention includes a positive electrode containing a 
positive active material, a negative electrode containing a 
negative active material and a nonaqueous electrolyte. 
Characteristically, the positive active material comprises a 

15 mixture of a lithium transition metal complex oxide A obtained 
by incorporating at least Zr and Mg into LiCo02 and a lithium 
transition metal complex oxide B having a layered structure and 
containing at least Ni and Mn as the transition metal. 
[0012] Deterioration of charge -discharge cycle 

20 characteristics occurs when conventional LiCo02 is used as the 
positive active material and an end-of -charge voltage is 
increased to 4.3 V or above. Although the detailed cause is 
not clarified, it is presumably attributed to decomposition of 
the electrolyte solution by a catalytic action of cobalt when 

25 brought to a higher oxidation state on charge and to degradation 
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of a crystal structure of LiCo02. The lithium transition metal 
complex oxide A in the present invention is believed to cause 
such a change in oxidation state of Co that suppresses 
decomposition of the electrolyte solution or degradation of 
5 crystal structure of LiCo02 by incorporation of Zr and Mg into 
LiCo02 . 

[0013] The lithium transition metal complex oxide A shows good 
charge -discharge cycle characteristics even when an 
end-of -charge voltage is increased, as described above. On the 

10 other hand, the lithium transition metal complex oxide B exhibits 
high thermal stability. In the present invention, such lithium 
transition metal complex oxides A and B are mixed to provide 
a positive active material which has the superior 
charge -discharge cycle characteristics of the lithium 

15 transition metal complex oxide A as well as the superior thexmal 
stability of the lithium transition metal complex oxide B. 
Therefore, in accordance with the present invention, an 
end-of -charge voltage can be increased to 4 . 3 V or above without 
deterioration of charge -discharge cycle characteristics and 

20 thermal stability to thereby increase a charge -discharge 
capacity. 

[0014] In the present invention, Zr exists preferably in the 
form of a compound adhered onto a surface of the lithium transition 
metal complex oxide A. That is, Zr is contained in the lithium 
25 transition metal complex oxide A, preferably in the form of a 
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Zr compound adhered onto a surface of the lithium transition 
metal complex oxide A. Also preferably, the Zr compound exists 
in the form of particles adhered onto a surface of the lithium 
transition metal complex oxide A. It is believed that Zr adhered 
5 onto a surface of the lithium transition metal complex oxide 
A is not a contributor to stabilizing a crystal structure of 
the lithium transition metal complex oxide A, but instead 
facilitates transfer of lithium ions and electrons at the surface 
of the lithium transition metal complex oxide A during charge 

10 and discharge and, as a result, restrains oxidative decomposition 
of the electrolyte solution, which is a deterioration reaction. 
[0015] It has been confirmed that Mg, when further added, 
diffuses into both of the Zr-containing compound and the lithium 
transition metal complex oxide A and enables the Zr-containing 

15 compound to be firmly sintered with the lithium transition metal 
complex oxide A. It is accordingly believed that addition of 
Mg improves adhesion between the Zr-containing compound and the 
lithium transition metal complex oxide A to result in a marked 
improvement of the effect that restrains decomposition of the 

20 electrolyte solution. 

[0016] The lithium transition metal complex oxide A can be 
illustrated by a compound represented by a chemical formula: 
LiaCoi_x-y-zZrxMgyMz02 (in the formula, M is at least one element 
selected from Al, Ti and Sn, and a, x, y and z satisfy 0 ^ a 

25 ^1.1, x>0, y>0, z>0 and 0<x + y+z^0.03). When z 
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> 0, it is particularly preferred that M is Al. 
[0017] The lithium transition metal complex oxide B preferably 
contains Co as the transition metal. Also preferably, it 
contains substantially the same amount of Mn and Ni . Mn, in 
5 its nature, is low in capacity but high in thermal stability 
at charged state, while Ni, in its nature, is high in capacity 
but low in thermal stability at charged state. To best balance 
their natures, Mn and Ni are preferably contained in the lithium 
transition metal complex oxide B in SLibstantially the same 
10 amount . 

[0018] The lithium transition metal complex oxide B can be 
illustrated by a compound represented by a chemical formula: 
LibMnsNitCOu02 (in the formula, b, s, t and u satisfy 0 ^ b ^ 
1.2, s+t+u=l, 0<s<0.5, 0<t<0.5 and u ^ 0) . 

15 [0019] The amount of the lithium transition metal complex A 
is preferably in the range of 51 - 90 % by weight , more preferably 
in the rangeof 70 - 80 %by weight, of the positive active material . 
Accordingly, the amount of the lithium transition metal complex 
oxide B is preferably in the range of 49 - 10 % by weight, more 

20 preferably in the range of 30 - 20 % by weight, of the positive 
active material. The battery exhibits superior 
charge -discharge cycle characteristics and thermal stability, 
if the above- specified ranges are met, 

[0020] In the present invention, when intended to improve a 
25 battery capacity by increasing an end- of -charge voltage to a 
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designed standard value, a ratio in charge capacity of the 
negative to positive electrode (negative electrode charge 
capacity/positive electrode charge capacity) in their portions 
opposed to each other is preferably kept within the range of 
5 1.0-1.2. As such, if the ratio in charge capacity of the negative 
to positive electrode is kept at 1 . 0 or above, metallic lithium 
can be prevented from precipitating on a surface of the negative 
electrode. That is, when a battery is designed to be charged 
with an end-of -charge voltage of 4.3 V or 4.4 V, in either case, 

10 the ratio in charge capacity of the negative topositive electrode 
(negative electrode charge capacity/positive electrode charge 
capacity) in their portions opposed to each other is preferably 
kept within the range of 1.0-1.2. In this case, the negative 
active material is selected from materials other than metallic 

15 lithium. If the end-of -charge voltage goes beyond 4.4 V, the 
purposed effect that restrains decomposition of the electrolyte 
solution and retards degradation of the positive electrode may 
become insufficient. It is therefore preferred that the 
end-of -charge voltage does not exceed 4.4 V. 

20 [0021] A nonaqueous electrolyte solvent for use in the present 
invention can be selected from those conventionally used as 
electrolyte solvents for lithium secondary batteries. 
Particularly preferred among them is a mixed solvent of a cyclic 
carbonate and a chain carbonate. Examples of cyclic carbonates 

25 include ethylene carbonate, propylene carbonate, butylene 



carbonate and vinylene carbonate . Examples of chain carbonates 
include dimethyl carbonate, methyl ethyl carbonate and diethyl 
carbonate . The inclusion of methyl ethyl carbonate as the chain 
carbonate is preferred for its ability to improve discharge 
5 characteristics of batteries. 

[0022] In general, cyclic carbonates are susceptible to 
decomposition at a high potential . Therefore, when the battery 
is charged at a high voltage of 4 . 3 V or above , the cyclic carbonate 
content of the solvent is preferably kept within the range of 

10 10 - 50 % by volume. In the case where graphite material is 
used as the negative active material, ethylene carbonate (EC) 
is preferably used as the cyclic carbonate. However, ethylene 
carbonate is susceptible to decomposition at a high potential. 
In order to reduce the occurrence of decomposition at a high 

15 potential, ethylene carbonate may be replaced by propylene 
carbonate and/or butylene carbonate which is less susceptible 
to oxidative decomposition. Alternatively, the cyclic 
carbonate content of the mixed solvent may be lowered. 
[0023] A nonacfueous electrolyte solute useful in the present 

20 invention can be selected from lithium salts generally used as 
a solute for lithium secondary batteries. Example of such 
lithium salts include LiPFe, LiBF4, LiCFaSOa, LiN (CF3SO2) 2 / 
LiN(C2F5S02)2/ LiN(CF3S02) (C4F9SO2) , LiC (CF3SO2) 3 . LiC (C2F5SO2) 3 / 
LiAsFe, LiC104, Li2BioClio, Li2Bi2Cli2 and mixtures thereof . LiPFg 

25 (lithium hexaf luorophosphate) , among them, is preferably used. 
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Charging at a higher voltage increases a tendency of aluminum, 
which is a positive current collector, to dissolve. However, 
LiPFe , if present, decomposes to form on an aluminum surface 
a film which restrains dissolution of aluminum. Therefore, the 
5 use of LiPFg as the lithium salt is preferred. 

[0024] Also in the present invention, the positive electrode 
may contain an electroconductor . In the case where a carbon 
material is used as the electroconductor, the carbon material 
is preferably contained in the amount of not greater than 5 %, 

10 based on the total weight of the positive active material, 
electroconductor and binder. This is because the electrolyte 
solution becomes more susceptible to oxidative decomposition 
on a surface of the carbon material particularly when the battery 
is charged with a higher end-of -charge voltage. 

15 [0025] The use of a mixture of the lithium transition metal 
complex oxide A obtained by incorporating at least Zr and Mg 
into LiCo02 and the lithium transition metal complex oxide B 
having a layered structure and containing at least Mn and Ni 
as the transition metal , in accordance with the present invention, 

20 enables the end-of -charge voltage to be increased to 4 . 3 V or 
above, without deterioration of charge -discharge cycle 
characteristics and thermal stability, and thereby increases 
a charge -discharge capacity of a nonaqueous electrolyte 
secondary battery. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] [Figure 1] Figure 1 is a photomicrograph (shown scale 
indicates 1 ]im) showing an SEM reflection electron image of 
LiiCOq . ggZr© . oosMgo . 005O2 • 
5 [Figure 2] Figure 2 is a photomicrograph (shown scale indicates 
0.1 \im) showing a TEM image of LiCoo.99Zro.oo5Mgo.oo502 . 
[Figure 3] Figure 3 is a chart showing EDS results as measured 
at Spot 1 in Figure 2 , 

[Figure 4] Figure 4 is a chart showing EDS results as measured 
10 at Spot 2 in Figure 2 . 

BEST MODE FOR CARRYING OUT THE INVENTION 

[0027] The present invention is below described in more detail 
by way of Examples. It will be recognized that the following 
examples merely illustrate the present invention and are not 
15 intended to be limiting thereof. Suitable changes can be 
effected without departing from the scope of the present 
invention . 

[0028] (EXPERIMENT 1) 
(EXAMPLE 1) 

20 [Preparation of LiCoo.ggZro.oosMgo.oosOa] 

Li2C03, C03O4, Zr02 and MgO were mixed in a mortar such 
that a molar ratio Li:Co:Zr:Mg was brought to 100:99:0.5:0.5, 
heat treated in the air atmosphere at 850 *C for 24 hours and 
then pulverized to obtain LiCOo.99Zro.oo5Mgo.oo502 having a mean 

25 particle diameter of about 14 ^m. 
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[0029] [Preparation of LiMno.33Nio.33Coo.34O2] 

LiOH and a coprecipitated liydroxide represented by 
Mno.33Nio.33Coo.34 (OH) 2 were mixed in a mortar sucli tliat a ratio 
in mole of Li to all transition metals was brougtit to 100:100. 
5 Tlie mixture was heat treated in tlie air atmospliere at 1,000 *C 
for 20 liours and tlien pulverized to obtain LiMno.33Nio.33Coo.34O2 
liaving a mean particle diameter of about 5 ^m. 
[0030] [Fabrication of Positive Electrode] 

The obtained LiCOo.99Zro.oo5Mgo.oo502 and LiMn0.33Ni0.33CO0.34O2 

10 at a ratio by weight of 7:3 were mixed in a mortar to obtain 
a positive active material . Polyvinylidene fluoride as a binder 
was dissolved in N-methyl-2-pyrrolidone as a dispersing medium. 
Then, the positive active material and carbon as an 
electroconductor were added so that a ratio by weight of active 

15 material to electroconductor to binder was brought to 90:5:5. 
The resulting mixture was kneaded to prepare a cathode mix slurry. 
The prepared slurry was coated on an aluminum foil as a current 
collector, dried and then rolled by a pressure roll . Subsequent 
attachment of a current collecting tab completed fabrication 

20 of a positive electrode. 

[0031] [Fabrication of Negative Electrode] 

Synthetic graphite as the negative active material and 
a styrene -butadiene rubber as a binder were added to an aqueous 
solution of carboxymethylcellulose as a thickener so that the 

25 mixture contained the active material, binder and thickener in 
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the ratio by weight of 95:3:2. The mixture was then kneaded 
to prepare an anode mix slurry. The prepared slurry was coated 
onto a copper foil as a current collector, dried and rolled by 
a pressure roll . Subsequent attachment of a current collecting 
5 tab completed fabrication of a negative electrode. 
[0032] [Preparation of Electrolyte Solution] 

Ethylene carbonate and diethyl carbonate were mixed at 
a 3 : 7 ratio by volume to provide a solvent in which LiPFs was 
subsequently dissolved in the concentration of 1 mole/liter to 

10 prepare an electrolyte solution. 
[0033] [Construction of Battery] 

The above -obtained positive and negative electrodes were 
wound, while interposing a separator between them, to provide 
a wound assembly . In a glove box maintained under Ar atmosphere , 

15 the wound assembly and electrolyte solution were encapsulated 
in an aluminum laminate to construct a nonaqueous electrolyte 
secondary battery Al having a battery standard size of 3 . 6 mm 
in thickness, 3.5 cm in width and 6.2 cm in length. 
[0034] The respective amounts of the positive and negative 

20 active materials used are adjusted such that, when a prescribed 
end-of -charge voltage is 4.4 V, a ratio in charge capacity of 
the negative to positive electrode (negative electrode charge 
capacity/positive electrode charge capacity) in their portions 
opposed to each other is 1.15. This ratio in charge capacity 

25 of the negative to positive electrode also applies to the 
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following Examples and Comparative Examples. 
[0035] [Evaluation of Thermal Stability] 

The nonaqueous electrolyte secondary battery Al at room 
temperature was charged at a constant current of 650 mA to a 
5 voltage of 4.45 V and further charged at a constant voltage of 
4 .45 V to a current value of 32 mA. The battery was then heated 
at a rate of 5 "C/min from room temperature to a predetermined 
temperature. Subsequently, the battery was maintained at the 
predetermined temperature for 2 hours to evaluate its thermal 
10 stability. 

[0036] [Charge -Discharge Cycle Characteristics Evaluation] 

The nonaqueous electrolyte secondary battery Al at room 
temperature was charged at a constant current of 650 mA to a 
voltage of 4.4 V, further charged at a constant voltage of 4.4 

15 V to a current value of 32 mA and then discharged at a constant 
current of 650 mA until the voltage reached a predetermined value 
to thereby measure a discharge capacity (mAh) of the battery. 
This charge -discharge cycle was repeated to evaluate 
charge -discharge cycle characteristics . 

20 [0037] (EXAMPLE 2) 

In Fabrication of Positive Electrode, 
LiCoo . ssZtq . oosMgo . 005O2 and LiMno . ssNio . 33C00 . 34O2 were mixed at a ratio 
by weight of 8:2. Otherwise, the procedure of Example 1 was 
followed to construct a nonaqueous electrolyte secondary battery 

25 A2 and evaluate its thermal stability and charge -discharge cycle 
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characteristics . 
[0038] (EXAMPLE 3) 

[Preparation of LiCoo.978Zro.002Mgo.01Alo.01O2] 
In Fabrication of Positive Electrode, Li2C03, C03O4, Zr02, 
5 MgO and AI2O3 were mixed in a mortar sucli ttiat a molar ratio 
Li :Co:Zr :Mg:Al was 100:97.8:0.2:1.0:1.0, heat treated in the 
air atmosphere at 850 *C for 24 hours and then pulverized to 
obtain LiCoo.978Zro.002Mgo.01Alo.01O2 having a mean particle diameter 
of about 12 ]jm. 
10 [Construction of Battery] 

LiCoo.978Zro.002Mgo.01Alo.01O2/ as obtained above, and 
LiMno.33Nio.33Coo.34O2 were mixed at a ratio by weight of 7:3. 
Otherwise, the procedure of Example 1 was followed to construct 
a nonaqueous electrolyte secondary battery A3 and evaluate its 
15 thermal stability and charge -discharge cycle characteristics. 
[0040] (EXAMPLE 4) 

In Fabrication of Positive Electrode, 
LiCoo . 99Zro . oosMgo . 005O2 and LiMno . 33Nio . 33C00 . 34O2 were mixed at a ratio 
by weight of 6:4. Otherwise, the procedure of Example 1 was 
20 followed to construct a nonaqueous electrolyte secondary battery 
A4 and evaluate its thermal stability and charge-discharge cycle 
characteristics . 

[0041] (COMPARATIVE EXAMPLE 1) 

In Fabrication of Positive Electrode, 
25 LiCoo.99Zro.oo5Mgo.oo502 alone was used as the positive active 
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material. Otherwise, the procedure of Example 1 was followed 
to construct a nonaqueous electrolyte secondary battery XI and 
evaluate its thermal stability and charge -discharge cycle 
characteristics . 
5 [0042] (COMPARATIVE EXAMPLE 2) 

In Fabrication of Positive Electrode, IiiMno.33Nio.33Coo.34O2 
alone was used as the positive active material . Otherwise, the 
procedure of Example 1 was followed to construct a nonaqueous 
electrolyte secondary battery X2 and evaluate its thermal 

10 stability and charge -discharge cycle characteristics. 

[0043] The thermal stability evaluation results for the 
nonaqueous electrolyte secondary batteries Al - A4 of Examples 
1-4 and for the nonaqueous electrolyte secondary battery XI 
of Comparative Example 1 are shown in Table 1, Also, the 

15 charge -discharge cycle characteristics evaluation results for 
the nonaqueous electrolyte secondary batteries Al - A4 of 
Examples 1-4 and for the nonaqueous electrolyte secondary 
batteries XI and X2 of Comparative Examples 1 and 2 are shown 
in Table 2. In Table 2, a lOOth-cycle discharge capacity and 

20 a 300th-cycle discharge capacity for each battery are listed 
in separate columns where capacity retention values, based on 
an initial discharge capacity, are also given in brackets. 
[0044] [TABLE 1] 
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Battery 


Content of 

LiMno.33Nio.33Coo.34O2 in 
Positive Active Material 


Thermal Stability 


leor 


lyor 


180t: 


Ex. 1 


A1 


30% 




Normal 


Ignited 


Ex. 2 


A2 


20% 




Normal 


Ignited 


Ex. 3 


A3 


30% 




Normal 


Ignited 


Ex. 4 


A4 


40% 




Normal 


Ignited 


Comp. 
Ex. 1 


X1 


0% 


Normal 


Ignited 





[0045] [TABLE 2] 





Battery 


Content of 
LiMno.33Nio.33Coo.34O2 
in Positive Active 
Material 


Discharge 
Cutoff 
Voltage 


Initial 
Discharge 
Capacity 

(mAh) 


lOOth-Cycle 
Discharge 
Capacity 
(mAh) 


300th-Cycle 
Discharge 
Capacity 
(mAh) 


Ex. 1 


A1 


30% 


3.1V 


658.0 


616.4 

(93.7%) 


585.5 
(89.0%) 


Ex. 2 


A2 


20% 


3.1V 


666.6 


620.4 
(93.1%) 


591.1 
(88.7%) 


Ex.3 


A3 


30% 


3.1V 


662.5 


621.5 
(93.8%) 


590.3 
(89.1%) 


Ex. 4 


A4 


40% 


3.1V 


694.4 


651.3 
(93.8%) 


536.1 

(77.2%) 


Comp. 
Ex. 1 


X1 


0% 


2.75 V 


678.9 


639.1 
(94.1%) 


619.8 
(91 .3%) 


Comp. 
Ex.2 


X2 


100% 


3.1V 


552.7 


461.7 
(83.5%) 


274.3 
(49.6%) 



5 [0046] As evident from comparison of the results of Examples 
1-4 with those of Comparative Example 1 in Table 1, the battery 
using a mixture of the lithium transition metal complex oxide 
A and the lithium transition metal complex oxide B as the positive 
active material, relative to using the lithium transition metal 
10 complex oxide A alone, exhibits the improved thermal steibility 
when it is charged to 4.45 V. 

[0047] As also evident from comparisonof the results of Examples 
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1-4 with those of Comparative Examples 1 and 2 in Table 2, 
the battery using a mixture of the lithium transition metal 
complex oxide A and the lithium transition metal complex oxide 
B as the positive active material, relative to using the lithium 
5 transition metal complex oxide B alone, exhibits the improved 
charge-discharge cycle characteristics when it is charged to 
4.4 V. These demonstrate that the improved thermal stability 
and cycle characteristics both result from the use of a mixture 
of the lithium transition metal complex oxide A and the lithium 

10 transition metal complex oxide B. 

[0048] As also shown in Table 2, the batteries of Examples 1 
- 3, which use the positive active material containing 20 - 30 % 
by weight of the lithium transition metal complex oxide B, exhibit 
particularly high capacity retention values after 300 cycles. 

15 This demonstrates that the use of the positive active material 
containing 70 - 80 % by weight of the lithium transition metal 
complex oxide A and 30 - 20 % by weight of the lithium transition 
metal complex oxide B further improves cycle characteristics. 
[0049] As shown in Table 2, the batteries using the lithium 

20 transition metal complex oxide B were operated with discharge 
cutoff at a voltage of 3 . 1 V or above. This is because, even 
in the case where the prescribed end-of -charge voltage is 4.2 
V, if the discharge cutoff voltage is reduced to 2 . 9 V or below, 
the use of the lithium transition metal complex oxide B causes 

25 marlced deterioration of the battery with cycling (see Reference 



Experiment) . 

[0050] [Microscopic Observation] 

LiCOo.99Zro.oo5Mgo.oo502 used in Example 1 was observed with 
an electron microscope. 
5 [0051] Figures 1 and 2 show an SEM reflection electron image 
and a TEM image of LiCOo.99Zro.oo5Mgo.oo502/ respectively. As can 
be seen from Figures 1 and 2, small particles adhere onto large 
particles . 

[0052] Existing metal elements in the TEM image shown in Figure 

10 2 were qualitatively evaluated by EDS (energy dispersive 

spectroscopy) . EDS measurement results are shown in Figures 
3 and 4 . Figure 3 shows the EDS measurement results at Spot 
1 in Figure 2 . Figure 4 shows the EDS measurement results at 
Spot 2 in Figure 2 . As evident from Figures 3 and 4 , Co is little 

15 detected but Zr is abundantly detected at Spot 1 in the TEM image 
shown in Figure 2. On the other hand, Zr is not detected at 
all but Co is abundantly detected at Spot 2 . These suggest that 
the adhering particle at Spot 1 comprises a Zr- containing 
compound, while the adhered particle at Spot 2 excludes Zr and 

20 comprises LiCo02. That is, the Zr compound particle adheres 
onto a surface portion of the LiCo02 particle and a major surface 
portion (at least 80 %) of the LiCo02 particle is left exposed. 
[0053] As also evident from Figures 3 and 4, Mg is detected 
both at Spot 1 and Spot 2. This therefore suggests that Mg is 

25 contained, through diffusion, both in the Zr compound particle 
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and LiCo02 particle. 
[0054] [EXPERIMENT 2] 
(EXAMPLE 5) 

Similar to Fabrication of Positive Electrode in Example 
5 1, LiCoo.99Zro.oo5Mgo.oo502 and LiMno.33Nio.33Coo.34O2 at a ratio by 
weight of 7 : 3 were mixed to obtain a positive active material. 
As also similar to Example 1, a nonaqueous electrolyte secondary 
battery Bl was constructed using the positive active material . 
The procedure of Example 1 was further followed, except that 
10 the discharge cutoff voltage was changed to 2 .75 V, to evaluate 
its charge-discharge cycle characteristics. 
(EXAMPLE 6) 

Similar to Fabrication of Positive Electrode in Example 
3, LiCoo.978Zro.002Mgo.01Alo.01O2 and LiMn0.33Ni0.33CO0.34O2 at a ratio 

15 by weight of 7 : 3 were mixed to obtain a positive active material . 
As also similar to Example 3 , a nonaqueous electrolyte secondary 
battery B2 was constructed using the positive active material . 
The procedure of Example 3 was further followed, except that 
the discharge cutoff voltage was changed to 2 .75 V, to evaluate 

20 its charge -discharge cycle characteristics. 

[0056] [Evaluation of Charge -Discharge Cycle Characteristics 
of Batteries Bl and B2] 

Each of the nonaqueous electrolyte secondary batteries 
Bl and B2 , at room temperature, was charged at a constant current 

25 of 650 mA to a voltage of 4.4 V, further charged at a constant 
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voltage of 4 .4 V to a current value of 32 mA and then discharged 
at a constant current of 650 mA to a voltage of 2 . 75 V to measure 
a discharge capacity (mAh) of the battery. This 
charge -discharge cycle was repeated to evaluate 
5 charge -discharge cycle characteristics. The lOOth-cycle 
discharge capacity was divided by the Ist-cycle discharge 
capacity to give a capacity retention rate at the 100th cycle. 
[0057] Table 3 shows charge -discharge cycle characteristics 
of the batteries Bl and B2 as measured in the manner as described 
10 above . 

[0058] [TABLE 3] 



Battery 


Lithium Transition IVIetal Connplex 
Oxide A 


100th-Cycle Capacity 
Retention 


B1 


LiCoo.ggZro.oosMgo.oosOs 


89.0% 


82 


LiCoo.978Zro.002Mgo.01Alo.01 02 


91.0% 



[0059] As evident from Table 3, under sucti conditions that the 
15 discharge voltage was set at 2 . 75 V, the nonaqueous electrolyte 
secondary battery B2 using a mixture containing a 7:3 ratio by 
weight of LiCoo,978Zro.oo2Mgo.oiAlo.oi02 and LiMn0.33Ni0.33CO0.34O2 as 
the positive active material shows improved charge -discharge 
cycle characteristics, compared to the nonaqueous electrolyte 
20 secondary battery Bl using a mixture containing a 7:3 ratio by 
weight of LiCoo.99Zro.oo5Mgo.oo502 and LiMn0.33Ni0.33CO0.34O2 as the 
positive active material. This is probably because further 
addition of a third different element, aluminum, to lithium 
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cobaltate containing zirconium and magnesium further improves 
stability of the transition metal complex oxide A during 
charge -discharge cycles. 

[0060] As such, the use of the lithium transition metal complex 
5 oxide A obtained by incorporating Zr, Mg and further M (Mindicates 
Al, Ti or Sn) in LiCoOa improves charge -discharge cycle 
characteristics under such conditions that the discharge cutoff 
voltage is reduced to 2.75 V. 
[0061] [EXPERIMENT 3] 

10 In order to study the effect of the solvent type of the 

electrolyte solution on the discharge load characteristics for 
batteries using a mixture containing a 7:3 ratio by weight of 
LiCoo.99Zro.oo5Mgo.oo502 and LiMno.33Nio.33Coo.34O2 as the positive 
active material, the batteries CI and C2 distinguished from each 

15 other only by the type of the solvent used, as described below, 
were evaluated for discharge load characteristics. 
[0062] (EXAMPLE 7) 

The procedure of Example 1 was fully followed to construct 
a nonaqueous electrolyte secondary battery CI and evaluate its 

20 discharge load characteristics. 
[0063] (EXAMPLE 8) 

In Preparation of Electrolyte Solution, ethylene 
carbonate and methyl ethyl carbonate were mixed at a 3 : 7 ratio 
by volume to provide a solvent in which LiPFe was subsequently 

25 dissolved in the concentration of 1 mole/liter to prepare an 
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electrolyte solution. Otherwise, the procedure of Example 1 
was followed to construct a nonaqueous electrolyte secondary 
battery C2 and evaluate its discharge load characteristics. 
[0064] [Evaluation of Discharge Load Characteristics] 
5 Each of the nonaqueous electrolyte secondary batteries 

CI and C2, at room temperature, was charged at a constant current 
of 650 mA to a voltage of 4.4 V, further charged at a constant 
voltage of 4 .4 V to a current value of 32 mA and then discharged 
at a constant current of 650 mA to a voltage of 2.75V to measure 

10 a discharge capacity (mAh) of the battery. Thereafter, the 
battery was recharged using the above charging conditions and 
then discharged at a constant current of 2,600 mA to a voltage 
of 2.75 V to measure a discharge capacity (mAh) of the battery. 
The discharge capacity values measured under the respective 

15 conditions for the nonaqueous electrolyte secondary batteries 
CI and C2 of Examples 7 and 8 , as well as the load ratios calculated 
from the following equation, are shown in Table 4. 
[0065] (Load ratio) = (discharge capacity when discharged at 
2,600 mA) -T- (discharge capacity when discharged at 650 mA) x 

20 100 

[0066] [TABLE 4] 
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Battery 


Discharge Capacity at 650 mA 
(mAh) 


Discharge Capacity at 2600 mA 
(mAh) 


C1 


688.1 


587.2 
(Load Ratio : 85.3%) 


C2 


690.5 


644.7 
(Load Ratio : 93.4%) 



[0067] As evident from Table 4, the nonaqueous electrolyte 
secondary battery C2 using methyl ethyl carbonate as a solvent 
for the electrolyte solution shows improved discharge load 
5 characteristics, compared to the nonaqueous electrolyte 

secondary battery CI using diethyl carbonate . This is probably 
because the use of methyl ethyl carbonate, which is lower in 
viscosity than diethyl carbonate, as the solvent improves 
penetration of the electrolyte solution into the electrode and 

10 ionic conduction. 

[0068] [REFERENCE EXPERIMENT] 

In order to study the effect of the discharge cutoff voltage 
on the cycle characteristics of batteries which use 
LiMno.33Nio.33Coo.34O2 alone as the positive active material, the 

15 following procedure was followed to construct batteries and 
evaluate their cycle characteristics when a prescribed 
end-of -charge voltage was 4.2 V. 
[0069] [Construction of Reference Battery] 

In Fabrication of Positive Electrode, IjiMn0.33Ni0.33CO0.34O2 

20 alone was used as the positive active material. Otherwise, the 
procedure of Example 1 was followed to construct nonaqueous 
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electrolyte secondary batteries Yl, Y2 and Y3 . The respective 
amounts of the positive and negative active materials were 
adjusted such that, when a prescribed end-of -charge voltage was 
4.2 V, a ratio in charge capacity of the negative to positive 
5 electrode (negative electrode charge capacity/positive 
electrode charge capacity) was 1.15. 

[0070] [Evaluation of Charge -Discharge Cycle Characteristics 
of Yl] 

The nonaqueous electrolyte secondary battery Yl at room 
10 temperature was charged at a constant current of 650 mA to a 
voltage of 4.2 V, further charged at a constant voltage of 4.2 

V to a current value of 32 mA and then discharged at a constant 
current of 650 mA to a voltage of 3 . 1 V to thereby measure a 
discharge capacity (mAh) of the battery . This sequence of charge 

15 and discharge was repeated to evaluate charge -discharge cycle 
characteristics . 

[0071] [Evaluation of Charge -Discharge Cycle Characteristics 
of Y2] 

The nonaqueous electrolyte secondary battery Y2 at room 
20 temperature was charged at a constant current of 650 mA to a 
voltage of 4.2 V, further charged at a constant voltage of 4.2 

V to a current value of 32 mA and then discharged at a constant 
current of 650 mA to a voltage of 2 . 9 V to thereby measure a 
discharge capacity (mAh) of the battery. This sequence of charge 

25 and discharge was repeated to evaluate charge -discharge cycle 
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characteristics . 

[0072] [Evaluation of Charge -Discharge Cycle Characteristics 
of Y3] 

The nonaqueous electrolyte secondary battery Y3 at room 
5 temperature was charged at a constant current of 650 mA to a 
voltage of 4.2 V, further charged at a constant voltage of 4.2 
V to a current value of 32 mA and then discharged at a constant 
current of 650 mA to a voltage of 2.75 V to thereby measure a 
discharge capacity (mAh) of the battery. This sequence of charge 
10 and discharge was repeated to evaluate charge-discharge cycle 
characteristics . 

[0073] The cycle characteristics of Yl - Y3, as measured at 
room temperature in the manner as described above, are shown 
in Table 5 . 
15 [0074] [TABLE 5] 



Battery 


Discharge Cutoff Voltage 


sooth-Cycle Capacity 
Retention 


Y1 


3.1V 


90.2% 


Y2 


2.9V 


85.4% 


Y3 


2.75V 


38.9% 



[0075] As evident from Table 5, the cycle characteristics show 
marked deterioration as the discharge cutoff voltage is reduced 
20 from 2.9V to 2. 75V. Since the lithium transition metal complex 
oxide B having a layered structure and containing Mn and Ni, 
for use as the positive active material, exhibits a low initial 
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charge -discharge efficiency with respect to the graphite 
negative electrode, the positive electrode potential drops 
considerably at a final stage of discharging of the battery. 
It is generally considered that Mn in compounds represented by 
5 LiaMnbNibCO(i-2b)02 (0 ^ a ^ 1.1 and 0 < b ^ 0.5) has an oxidation 
number of 4 (Mn'*^) and its oxidation state remains unchanged 
during charge and discharge (See, for example, Non-Patent 
Literature 3) . However, when the positive electrode potential 
drops considerably, as described above, Mn^* in the positive 

10 electrode may be partly reduced to unstable Mn"*^ which undergoes 
a disproportionation reaction to produce Mn^* and Mn^^ . However, 
Mn^"^ is believed to elute from a surface of the positive electrode 
and precipitate on the negative electrode, because of its 
tendency to dissolve as it forms a complex with a solvent 

15 constituting an electrolyte solution. Presumably, suchelution 
of Mn from a surface of the positive electrode causes degradation 
of crystal structure of the surface and, as a result, causes 
a resistance build-up at the positive electrode -electrolyte 
solution interface that deteriorates a capacity of the battery. 

20 [0076] For the batteries using LiMno.33Nio.33COo.34O2 in Examples 
of the present invention, a potential drop of the positive 
electrode at a final stage of discharging is suppressedby cycling 
them with 3.1V discharge cutoff and, as a result, elution of 
Mn is restrained. This suppresses deterioration in capacity 

25 of the batteries and eliminates the influence of the discharge 
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cutoff voltage on their room- temperature cycle characteristics . 



28 



